The mode of attachment of 70S ribosomes to thylakoid membranes from pea leaves was studied by determining the proportion of the bound RNA which was released by various incubation conditions. The results supported a model in which several classes of bound ribosomes could be distinguished:
4To whom correspondence should be addressed. membranes and are likely to be specifically involved with the synthesis of membrane proteins. The association has been observed in electron microscope studies of Phaseolus leaves (8) and of Chlamydomonas (5) . Even after isolated thylakoid membranes are washed repeatedly, ribosomes remain bound (1, 5, 9, 15, 16, 30) and proteins synthesized by bound polysomes remain as part of the membrane system (1, 4, 7, 19) . Estimates of the bound ribosomes as a per cent of the total number of plastid 70S ribosomes, measured in vitro, ranged from 50 (4) to 20%3o (30) in higher plants. In Chlamydomonas the number of bound ribosomes varied with time during the cell cycle (6) , and was increased if cells were collected and homogenized in the presence of chloramphenicol (5, 15) .
Questions of interest about this association include those of the in vivo mechanisms for attachment of ribosomes to the membranes and for their release, and the nature of the forces maintaining the attachment. These questions have been studied most intensively with respect to ribosomes bound to ER (see 17, 22-24 for reviews). Evidence for the nature of binding forces can be inferred in part by seeing if the ribosomes are released by incubating membranes with high salt concentrations (breaking electrostatic bonds), with puromycin (indicating attachment through nascent polypeptide chains), or with RNase (which would show attachment through a mRNA chain). Studies using these criteria were reported for algal thylakoids (16) , but a systematic investigation has not been reported for thylakoids of higher plant chloroplasts. In the present work the proportion of ribosomes removed by high salt, puromycin, and RNase was explored with results similar to those reported for other systems. The conditions for preparation of chloroplasts were found to be critical in obtaining these results. In addition, the kinetics and temperature dependency of ribosome release by high salt were investigated, and their localization within the thylakoid system was determined.
MATERIALS AND METHODS
Isolation of Washed Thylakoid Membranes. Peas were grown in vermiculite in flats in a greenhouse for 12 to 16 days. The entire shoots were homogenized in a buffer modified from that of Larkins and Davies (13) containing 0.2 M sucrose, 200 mm TrisHCl at pH 8.5, 60 mm KCI, and 15 mm Mg-acetate. This and subsequent steps were performed between 0 and 4 C. The homogenate was centrifuged at 3,000g for 5 min, and the green pellet resuspended in fresh grinding buffer and underlayered with a washing layer of 0.5 M sucrose, 20 mm Tris-HCl at pH 8.5, 20 nM KCI, and 15 mm Mg-acetate. The tubes were centrifuged at 7,000g for 10 min. The green pellet was resuspended in a hypotonic buffer containing 20 mm Tris-HCl at pH 8.5, 20 mM KCI, and 15 mm Mg-acetate, then broken mechanically by five passages through a 20-cc syringe and a 16-gauge canula. The broken plastids (D. Hall's type C, see ref. 1 1) were layered over a 2-step gradient containing 0.5 and 1.8 M sucrose with the same Tris, KC1, and Mg-acetate buffer and centrifuged in a Sorvall swinging bucket rotor at 13,000g for 10 min. The plastids collected at the interface between 0.5 and 1.8 M sucrose. The top layers were removed by aspiration; the remainder of the fluid was poured off, diluted with Tris-KCl-Mg acetate buffer and centrifuged to collect the naked thylakoid membranes. These were usually washed one more time in Tris-KCl-Mg acetate buffer.
In some early experiments a similar procedure was used, but the grinding buffer contained 0.4 M sorbitol, 20 mm Na-Tricinate at pH 7.5, 14 mM B-mercaptoethanol, 10 mm MgCl2, and 10 mm KC1. In all subsequent steps sorbitol was used in place of sucrose, and the ionic components consisted of 10 mm each of Tricine (pH 7.5), KC1, and MgCl2. The Chl content of all membranes was measured by the procedure of Arnon (2) .
Thylakoid Incubations, and Estimation of RNA Bound to Washed Thylakoid Membranes. In preliminary incubations to estimate release of ribosomes due to environmental factors, thylakoid membranes (approximately 0.3 mg Chl/ml) were incubated at 37 C in a 1-ml reaction mixture containing 15 mm Mg-acetate, and either 20 nms Tricine or 50 mm Hepes (pH 7.5), with 10 imn KCI for the low salt medium and 750 or 1,000 mM KCI for the high salt medium. After 30 min at 37 C the reaction mixture was centrifuged at 15,000g for 10 min. The green precipitate was washed once with Tris-KCl-Mg acetate buffer, or in other washing solutions containing those components.
The amount of RNA remaining in these incubated, washed membranes was measured using the enzymic method described earlier (10) .
Large molecular weight RNA was extracted by the method of Leaver and Ingle (14) , which included solubilization with Triton X-100 containing 1% (w/v) triisopropylnaphthalenesulfonate and 6% (w/v) p-aminosalicylate, then extraction with phenol containing 10%o (w/v) cresol and 0.1% (w/v) 8-hydroxyquinoline. The precipitated washed RNA was electrophoresed on 2.4% polyacrylamide gels in 0.6 x 8 cm tubes at 5 mamp/tube for 3 h. The gels were scanned immediately after electrophoresis at 260 nm using a Gilson spectrophotometer. The weight ratios of the different ribosomal RNA species were determined by cutting the peaks out from the chart paper and weighing them. The per cent of the 80S ribosomal RNA present was calculated from the fraction of the total weight of the peaks found in the 1.3 and 0.7 x 106 mol wt peaks.
Ribosome Profiles. Sucrose density gradients were prepared using 10 and 34% sucrose in 50 nm Tris, 15 mm KC1, and 5 mm Mg-acetate at pH 7.0 in 5 cc tubes, by the method of Stone (28) . High salt extracts (3.3 mg Chl incubated with 0.7 ml of 0.75 M KCI) were diluted 1:1 with 50 mm Tris, 15 mm KCI, and 5 mM Mg-acetate (pH 7.0) before being layered on the gradients. RNasesolubilized ribosomes could be layered on the gradients without dilution. The sucrose gradients were centrifuged as indicated in the legends to the figures. The ribosome profiles were displayed by eluting through an Isco model 255-2 fractionator, then through an LKB Uvicord 8303A UV monitor attached to a Bausch and Lomb V.O.M. 7 recorder.
Electron Microscopy. For electron microscopy the washed thylakoids were resuspended in 15 mm Mg-acetate, 10 mM KCI, 50 mM Hepes (pH 7.5), and 3% glutaraldehyde and allowed to fix for 30 min on ice. Membranes were pelleted at 6,000g for 5 min and washed four times with 15 mm Mg-acetate, 10 mM KC1, and 50 mM Na-cacodylate (pH 7.5). The thylakoids were postfixed with 2% OS04 in 15 mm Mg-acetate, 10 mm KC1, and 50 mm Nacacodylate (pH 7.5).
The membranes were washed three times with distilled H20 and resuspended in 0.05% uranyl acetate for 16 h. The thylakoids were washed with distilled H20, embedded in 1.5% agar, dehydrated in a graded acetone series, and embedded in a mixture of low-viscosity resins (26) .
Detergent Fractionation. Isolated thylakoids in 15 mm Mgacetate, 10 mM KC1, and 50 mm Hepes (pH 7.5) were resuspended to 0.1 mg Chl/ml. Digitonin was added to a final concentration of 10 mg/ml and the samples were incubated for 30 min at room temperature with stirring. The samples were centrifuged at 40,000g for 30 min to separate grana membranes (40,000g pellet) from stroma lamellae (40,000g supernatant). In one experiment the 40,000g supernatant was sedimented at 144,000g for 1 h.
Materials. Pea seeds were purchased locally from Agway Corp.; RNase A, RNase-free sucrose, DNase, chloramphenicol, and puromycin from Sigma; fusidic acid from Squibb Corp.; Dowex 1 x2 from BioRad; sparsomycin, spectinomycin, and lincomycin from the Upjohn Corp.; and micrococcal nuclease from the Worthington Corp.
RESULTS
Localization of Membrane-bound Ribosomes. Electron microscope visualization of cross sections showed significant numbers of ribosomes to be present on these highly washed thylakoids (Fig.  1) . Many of them were present in polysome-like clusters associated with membrane areas in cross-section, and also in some glancing sections across the plane of one of the membranes. They were found on the stroma lamellae primarily, and also on the outermost membrane of some of the grana stacks, but not on inner membranes of the grana stacks.
This distribution was re-enforced by results of fractionation experiments in which digitonin-treated membranes were centrifuged to separate grana stacks (heavy fraction) from stroma lamellae (light fraction) (27) . It is clear that the lighter supernatant material in these experiments (Table I) is enriched 2-fold or more in bound RNA compared to the heavy fraction.
In experiments I to 4 of Table I the RNA in the digitonin supernatant might have represented either light membrane fractions with attached ribosomes, or ribosome material entirely detached from the membranes. To help decide between these two possibilities, the 40,000g supernatant was recentrifuged at 144,000g, and that pellet was suspended in dense (2 M) buffered sucrose overlayered with medium lacking sucrose, then centrifuged again at high speed to cause membrane material to float up to the interface (expt. 5 of Table I ). The amount of free ribosomal material that remained on the bottom in the dense sucrose was very small (2.8% of that in the original thylakoids) while the floating green membranes had a significant fraction of the original RNA (37%) and were enriched in RNA/Chl compared especially to the denser membranes that sedimented at 40,000g.
Release of Ribosomes by High Salt, Puromycin, RNase, and Alkaline pH. Washed thylakoid membranes were incubated at 37 C at pH 7.5, then diluted, centrifuged to remove detached ribosomes, resuspended in hypotonic buffer lacking Mg2+, and their total residual RNA measured. During the experimental incubation period 15 mm Mg-acetate was always present to preserve ribosomal structure. Without it the ribosomes would be expected to fall apart (18) , and RNA release would be an indication of loss of structure rather than of loosening of the attachment between ribosomes and thylakoid membranes.
In our original experiments chloroplasts were isolated in media containing 20 mM Tricine at pH 7.5 as a standard, presumably healthy medium for plastid preparation. However, these washed thylakoids had virtually all their RNA removed by high salt, without any requirement for puromycin (Fig. 2B ). This result seemed anomalous, since earlier work (1) showed that the ribosomes bound to isolated washed thylakoids synthesize proteins that are themselves firmly bound to the membranes. The anomaly was absent when the medium introduced by Larkins and Davies (13) for the purpose of preserving cytoplasmic polysome structure . . , (1) .
The end point for RNA release by salt occurred in the region of 0.6 M, with half of the RNA released by 0.2 M KC1. As KCI, NaCl, NH4Cl, and K-acetate had the same effect ( Fig. 2A) , there seems to be no easily detectable specificity for either the cation or the anion, whether the salt was used by itself or with puromycin. Surprisingly, the amount of RNA removed by KCI at various concentrations was not affected by changing the MgCl2 concentration between 0 and 20 mm (Fig. 2B) .
In the experiments in Table II , washed thylakoid membranes (from chloroplasts prepared at pH 8.5) were subjected to two sequential incubations at 37 C under the conditions shown, with a wash step after each incubation to remove any released ribosomes. The final green pellets were analyzed for residual RNA puromycin-dependent, in all three experiments. Puromycin had little effect when present in the low salt buffer (line 3 and Fig.  2A) .
RNase, under low salt conditions, caused the release of 30 to 33% of the RNA (lines 5 and 9) . This category was quantitatively the same whether the RNase treatment preceded (line 10) or followed (line 8) treatment by high salt. Since the two effects are additive it indicates the existence of two separate classes of bound RNA. By contrast, given RNase treatment first, there was almost no puromycin-dependent release (line 11 compared to line 10). Thus, the categories of puromycin-dependent and RNase-releasable ribosomes seem to overlap to a large extent.
The effect of RNase A in releasing 25 to 30o of the ribosomes came to a complete end-point at 0.2 ,ug enzyme/ml (data not shown), but higher concentrations led to the release of ribosomes in an obviously more and more degraded condition (Fig. 3) . Major damage to ribosome structure was not a prerequisite for release, as the Ca2+-dependent micrococcal nuclease also released 25% of the RNA when used at 0.5 ,ug/ml or higher, and did not degrade any ofthe high molecular weight rRNA (see below). No ribosomal RNA was released due to incubation with DNase at 2.5 ,ug/ml.
Even after the combined use of high salt, puromycin, and RNase (Table II) a residual 20 to 30o of the bound RNA was not removed. This residual RNA was of the ribosomal type, judging from electrophoretic mobility on agarose gels (data not shown) after it was extracted using EDTA and high salt. Treating leaves with 3 mm chloramphenicol for 2 h before harvesting did not change either the total amount of RNA/mg Chl found in washed thylakoids or the proportion of RNA released by these various incubation conditions. While this work was performed we were under the impression, based on an early experiment, that 95% or more of the RNA associated with these washed thylakoids was rRNA of 70S ribosomes. Unfortunately, subsequent work involving extraction of the intact RNA with phenol and its display on polyacrylamide gels (Fig. 4) indicated contamination with rRNA from 80S ribosomes to the extent of 15 to 45%, with most values about 25% (see 10). Accordingly, a number of the experiments shown in Table II were repeated using sufficient material to be able to analyze the residual RNA by gel electrophoresis, following the usual incubations and then phenol extraction (Table III) . To a large extent we found that the contaminating 80S rRNA behaved like 70S rRNA. The amount of 80S material extracted by high salt, or by high salt plus puromycin, was very close to the proportion of 70S rRNA extracted (compare column 4 with column 5). However release of 80S RNA by digestion with micrococcal nuclease was more efficient than release of 70S RNA, so a somewhat larger per cent of total than of 70S RNA was released by the nuclease. The Ca2+-dependent RNase was used to permit extraction of intact rRNA for analysis after the incubation; RNA extraction was performed using EDTA and no added Ca2". The use of the different nuclease probably accounts for the smaller proportion (21-25%) released by nuclease in these experiments than the 30 to 35% found in the experiments of Table II. These data indicate that measurement of total residual RNA can give an accurate estimate of the behavior of 70S RNA, after incubation with high salt or with puromycin (as in most of the experiments of this paper); but will overestimate to some extent the release of 70S RNA by nucleases.
To obtain the results shown in Table II it was necessary to perform the incubations at pH 7.5. At higher pH levels, high salt alone removed larger amounts of RNA, until by pH 9.0 almost all of it was removed by high salt and there was no further release due to adding puromycin (Fig. 5) . The residual RNA, not detachable by the combination ofhigh salt plus puromycin, was relatively constant from pH 7.0 to 9.0. By subtraction, the largest effect of puromycin occurred in the pH range from 7.3 to 7.8. Note that ribosomes were not removed under low salt conditions at any pH between 7 To determine the condition of the ribosomes released by high salt, the extracts were diluted with an equal volume of 50 mm TrisCl (pH 7.0), 15 mm KCI, and 5 mm Mg-acetate, then subjected to sucrose density gradient centrifugation (Fig. 6) . The pH 7.5 high salt extracts contained a normal-looking peak moving slightly slower than did monomeric 70S ribosomes collected from pea chloroplast stroma, and a small peak in the ribosome subunit region. Material from high salt extracts at pH 9.0 showed a broad polydisperse region of 260 nm A, all of it moving considerably slower than the stroma 70S ribosomes did. We infer from this that Table I , except that the Ca2"-dependent enzyme from Micrococcus sp. at 0.5 ,tg/ml replaced RNase A. With the nuclease present the incubation medium included 10 mm CaCl2. Following incubation at 37 C the membranes were diluted with hypotonic buffer as described under "Materials and Methods"; those previously in high salt were diluted with hypotonic buffer containing in addition 1 M KCI. These membranes were washed twice by centrifuging and resuspending in fresh buffer. Aliquots were taken from the final suspension for assay of total RNA, and the remainder stored frozen until treated to isolate and analyze large molecular weight RNA species as ribosomes are "degraded" during extraction by high salt at pH 9.0, and possibly to a small extent at pH 7.5. RNA Release by High Salt: Kinetics and Temperature Dependency. The time course for release of RNA by 0.75 M KCI (Fig. 7) showed up to 50%o removed in less than 5 min, an additional 10%o by 30 min, and then an extremely slow continuing release up to 2 h at 37 C. By contrast, the controls incubated in 10 mM KCI showed only the very slow release with no more than 10%o lost by 120 min (Fig. 7) . In these experiments the thylakoids were taken from chloroplasts prepared in Tricine (pH 7.5), accounting for the large proportion released by high salt alone. Salt release was stopped (for all but the early time points) by sedimenting thylakoid membranes out of the medium.
To take a closer look at the early kinetics of release, thylakoid membranes in high salt were diluted 40-fold in 10 mm Mg-acetate plus 10 mm Tricine (pH 7.5) in order to stop the extraction process by reducing the salt concentration rapidly. In the experiment shown (Fig. 8) release followed a log-linear, apparent first order time course, with a tl/2 of about 20 s. The initial rapid release of RNA was virtually complete in 90 s.
The amount of RNA released by high salt was very strongly dependent on temperature. No RNA was released by high salt alone at 0 C (Fig. 9) , and puromycin was only half as effective as at 37 C. At various temperatures between 0 and 37 C the release of RNA by high salt came to end points that were highly temperature-dependent (data not shown). These end points from several experiments were treated as if they were velocity determinations, and were plotted according to the Arrhenius equation (Fig. 10) [K] where R is the maximum amount of RNA released at maximal levels of both KCl and puromycin, Cp is the concentration of puromycin giving 0.5 maximal RNA release, and CK is the concentration of KCl giving 0.5 maximal release. These 0.5 maximal release concentrations were 9 AllM for puromycin and 200 mM for KCI. This equation is consistent with a mechanism in which two reactions are involved in the release of ribosomes from thylakoid membranes: (a) release of nascent peptide chains from ribosomes due to the puromycin reaction; and (b) breakage of electrostatic binding by high salt, with no requirement for an obligatory sequence of two reactions.
Several inhibitors of steps in protein synthesis were tested in the incubation medium for their effect on RNA release caused by high salt or high salt plus puromycin (Table IV) . Chloramphenicol at 2.5 mm prevented about half of the puromycin-dependent release occurring in the presence of 0.9 M KC1. Sparsomycin (2.5 ,uM) and fusidic acid (1 mM) seemed to interfere with removal of ribosomes by high salt alone in experiment I, but in experiment III sparsomycin had a slightly greater effect on the puromycindependent component and less on the high salt component. Spectinomycin (1 mM) and lincomycin (0.1 mM) had no effect on high salt or puromycin-induced RNA release. These concentrations were chosen based on literature reports of effective levels (12, 20) .
Further support for the specific function of puromycin was found in the fact that puromycin aminonucleoside (12) membranes. Monomeric ribosomes (Fig. 6 ), 30 to 40%o of the total ( Fig. 2A) , are released by high salt without the need for puromycin, and may be attached directly without the involvement of a nascent peptide chain. A second clear group (30o of the total) are those ribosomes released by low RNase concentrations. These are probably not bound to the membrane directly, but are attached only through mRNA. They should consist of the loose, hanging ends of polysomes, other ribosomes of which are attached directly to the membranes. The third category are those ribosomes released only after puromycin is added (Figs. 5 and 1 1 ; Tables II and III) . These could be bound directly to the membranes, as well as indirectly by attachment of their nascent peptide chains. However, the ribosomes released this way include the group released by RNase (Table II) . This is most easily envisioned as the puromycininduced release of entire bound polysomes, including their nonattached hanging ends. If the RNA released by RNase is subtracted from that released by puromycin plus high salt, it seems that only 10 to 20%Xo of the ribosomes can be shown clearly to be attached by their nascent chains. The fourth group (20%o of the total) are those ribosomes which remain bound to the thylakoids in spite of incubation with high salt, puromycin, and RNase. and finding the mechanism for ribosome dissociation from the thylakoids in vivo are important challenges for future work. Although preparation of chloroplasts in isolation media at pH 7.5 seems reasonable, it was found earlier (1) that use of 0.2 M Tris at pH 8.5 during isolation produced intact pea plastids with higher levels of light-driven protein synthesis, just as for cytoplasmic polysomes (13) . The absence of puromycin-dependent release of ribosomes from thylakoids isolated with the pH 7.5 buffers (Fig.  2) seems anomalous, and we feel that the high Tris-high pH preparations most probably reflect more closely the condition of bound ribosomes in vivo.
Although the chloroplast protein-synthesizing system resembles that of procaryotes to a large extent, the characteristics of partial release by puromycin, and by high salt alone, are much closer to those of eukaryotic ribosomes on ER (17, (22) (23) (24) than to those of bacterial membrane-bound ribosomes, where almost total release is achieved by puromycin alone (25) .
The presence of appreciable rRNA characteristic of 80S ribosomes has to be considered a potential flaw in the quantitative description of 70S ribosomal behavior. However, dissociation by high salt, and high salt plus puromycin (Table IV) produced the same quantitative results for 70S ribosomal RNA as for the total RNA. Thus the measurement of total RNA in the other experiments of this work, involving variations of the use of high salt and puromycin, can be taken as a valid indication of the behavior of the rRNA of bound chloroplast ribosomes.
The source of contamination with 80S ribosomes is not clear.
Since release of 35 to 50%o of this RNA depended on the addition of puromycin as well as high salt (Table III) it might be inferred that contaminating pieces of RER were present in these preparations. But dissolution of the membranes with Triton X-100 solubilized all the 70S rRNA but only a small proportion of the 80S rRNA (unpublished data, L. Fish), suggesting that the 80S rRNA may be present in contaminating bits of nuclear material. The presence of a very large amount of DNA along with high molecular weight RNA species (Fig. 4 ) is another indication that nuclear material contaminates these preparations. This problem can be avoided in the future by first isolating chloroplasts on a Percoll gradient (29) , inasmuch as thylakoid membranes obtained after hypotonic disruption ofthis material do not contain contaminating 80S rRNA material (unpublished data). They do, however, possess similar amounts of thylakoid-bound RNA (work in progress). The time course for ribosome release by high salt showed a rapid initial reaction coming to a virtual end point early in the incubation (Figs. 7 and 8) . The end points varied with the salt concentration, as if different groups of ribosomes were available at each successively higher salt level. Similarly (and surprisingly), ribosome release due to high salt came to a different end point at different temperatures. Results from the pseudo-Arrhenius plot (Fig. 10) indicate a change in apparent activation energy at 15 C; this kind of temperature dependence is sometimes claimed to indicate a function for membrane fluidity in the process (21) . High salt levels will not only break electrostatic bonds, but (perhaps as a consequence) they can cause conformational changes in protein and membrane structure. These movements can be highly dependent on temperature; from the data obtained in this study we suggest that conformational events in the thylakoid membranes are important determinants of the ribosomal release process.
Both the electron microscope visualization (Fig. 1) and results of digitonin fractionation experiments (Table I) indicate that bound ribosomes are present largely on those membranes most closely associated with stroma-the stroma lamellae and outermost membranes of grana stacks. Accordingly, procedures attempting to enrich for the membrane components responsible for binding ribosomes may also enrich for components of PSI (3), and care should be taken to distinguish the actual function of any presumed ribosome binding proteins isolated on this basis.
